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Abstract 
The commercial use of mechanical stimulation to control transplant growth is quite 
limited. To be commercially successful, the technique must be simple and flexible, and 
must not reduce plant quality. Brushing was applied to tomato (Lycopersicon esculentum) 
seedlings growing at a density of 2100 plants m-2 by daily stroking with a piece of 
polystyrene. Ten or twenty daily strokes typically provided significant height control 
without plant damage. Increasing the interval between strokes to up to 10 minutes 
resulted in the same amount of height control as continuous brushing. There were 
typically no differences between treating the plants at 0800 or at 1700 hours. Significant 
height control was achieved if treatments were begun at the first or second true leaf 
stage, but treatments begun at a later stage of development resulted in leaf damage. 
Brushing before transplanting to the field resulted in a significant decrease in stem 
elongation (-20%). However, there were no significant differences between brushed and 
unbrushed plants in long-term growth or final fruit yield after transplanting to the field. 
Preliminary studies were also conducted on four bedding plant species: geranium 
(Pelargonium x hortorum), impatiens (Impatiens holstii), petunia (Petunia hybrida) and 
pansy (Viola tricolor). Brushing was applied to seedlings growing at a density of 1500 
plants m-2 using either polythene or plastic netting. For geranium and impatiens, any 
reductions in plant stature were associated with significant plant damage. Brushing 
induced a prostrate growth habit and leaf distortion in petunia and significantly reduced 
leaf area and shoot dry weight. Pansy plants were undamaged by 10 or 20 brush strokes 
per day and showed a significant (17-22%) decrease in petiole length, typically without 
significant effects on leaf area, dry weight or days to flower. Brushing provides a 
flexible, effective method for controlling tomato and pansy transplant size without 
adversely affecting quality or long-term growth. 
1. Introduction 
Plug transplants are typically grown at very high plant densities to make transplant 
production economically viable (Marr & Jirak, 1990). This close spacing results in an 
uneven canopy of many elongated plants with weak stems. Delivering a crop of the 
correct size and proportions at the promised time can be extremely difficult. There is, 
therefore, a commercial need for treatments which decrease extension growth and 
improve crop uniformity. 
Mechanical stimulation (MS) can decrease the rate of stem and petiole elongation of 
many species (Biddington, 1986; Latimer, 1991). One type of MS which appears suitable 
for commercial use is brushing but, despite extensive research, its commercial use 
remains limited. For succe~:sful commercial application, the brushing technique needs to 
be simple and flexible, without delaying or decreasing flower or fruit production. 
A series of experiments was conducted using tomato (Lycopersicon esculentum) plug 
transplants to determine the dosage and timing of brushing necessary for effective height 
control, and to determine what effect, if any, brushing had on field performance. 
Research concerning the effects of MS on floricultural crops is considerably more limited 
than that on vegetable crops, probably due to the availability of chemical growth 
regulators approved for use on bedding plants. However, the use of growth regulators is 
expensive and subject to error. Accordingly, preliminary studies were conducted to 
determine whether brushing can be used commercially to control the size of four bedding 
plant species, geranium (Pelargonium x hortorum), impatiens (Impatiens holstii), petunia 
(Petunia hybrida) and pansy (Viola tricolor). 
2. Materials, Methods, Experiments 
2.1 Tomato experiments 
Tomato seedlings were grown in plug trays at a density of 2100 plants mo2 as 
described previously (Garner & Bjorkman, 1996). Brushing was applied by gently 
stroking the canopy back and forth with a piece of polystyrene (Styrofoam). 
2.1.1 Dosage 
Three separate experiments were conducted in which the transplants were brushed 0, 
10, 20, or 40 times back and forth, once a day. 
2.1.2 Timing 
Experiments were conducted to determine whether increasing the time interval 
between brush strokes resulted in the same amount of height control as continuous 
brushing. All of the treated plots were given 10 strokes per day, but the time interval 
between pairs of back and forth strokes was varied. There were four brushing treatments: 
0.01 minutes between strokes (continuous stimulation), 0.1, I or 10 minutes between 
strokes. 
Growers will probably want to brush plants at the beginning or the end of the work 
day so as to minimize interference with other production practices. Therefore, 
experiments were conducted in which plants were brushed 20 times per day either in the 
morning (between 0800 and 09:00) or the afternoon (between 16:00 and 17:00). 
A set of experiments was conducted to determine at what stage of growth brushing 
should begin. Treatments began when the canopy height was approximately 6, 8, or 10 
cm high, so that plants were at either the first, second or third true leaf stage, 
respectively. 
2.1.3 Field performance 
Processing tomatoes were seeded to coincide with the commercial production seasons 
of 1994 and 1995. Transplants which had either been brushed or untreated while in the 
glasshouse were then randomly selected and mechanically transplanted to the field at the 
Fruit and Vegetable Research Farm in Geneva, New York in a completely randomized 
design. Fruit were harvested by hand in a destructive harvest when the fruit were full size 
and approximately 50% were at the red ripe stage. 
2.2 Bedding plant experiments 
Experiments were conducted using geranium, impatiens, petunia and pansy transplants 
provided by W.J. Findon & Sons, Stratford-upon-Avon. Brushing was applied to 
seedlings growing in '165 plug trays' (1500 plants m-z). Flexible materials, including 
polythene and several gauges of plastic netting, were used to provide the brushing 
stimulus, as such materials are more easily integrated with production practices. Materials 
were folded over and secured at the loose end to make the brushing apparatus. Brushing 
was applied by stroking the canopy back and forth. Treatments were arranged in a 
randomized complete block design for impatiens, petunia and pansy experiments, and in 
a completely randomized design for geranium experiments, with a quarter tray used as 
an experimental unit. Treatments were begun at the cotyledon stage and continued until 
the plants were large enough to pot on. Further experiments were conducted on those 
species for which an appropriate material for brushing had been found. Plants were 
brushed 0, 10, 20, or 40 times back and forth, once a day to determine the appropriate 
dosage of brushing. 
2.3 Statistical Analysis 
Treatment effects were tested by analysis of variance (Schaefer & Farber, 1992) and 
individual treatment means were compared by using Fisher's protected least significant 
difference procedure (LSD) with 95% confidence level. 
3. Results 
3.1 Tomato experiments 
The results on dosage and timing summarize work previously described in the Journal 
of the American Society for Horticultural Science (Garner and Bjorkman, 1996). 
3.1.1 Dosage experiments 
In two experiments, all three treatments caused significant reductions in stem length 
relative to untreated plants, though a significant linear trend between the number of brush 
strokes per day and stem length was only detectable in one experiment at P = 0.05 
(Table I). In two experiments, plants receiving 20 or 40 strokes per day had significantly 
larger stem diameters than those receiving 0 or 10. Forty strokes per day often resulted 
in significant shoot dry weight reductions. 
3.1.2 Timing 
Stem elongation was significantly decreased whatever the time interval between brush 
strokes (untreated: 0.77 and 0.72 cm d'l; treated: 0.59 and 0.56 cm d-I in the two 
experiments, respectively). Differences in the stem elongation rate among the four 
brushing treatments were not significant. 
Stem elongation was reduced by 28% with morning treatments and by 20% with 
afternoon treatments in one experiment. This difference was significant at P < 0.05. In 
the second experiment there was no significant difference in stem elongation between the 
morning and afterrioon treatments ( 28% and 27% less than untreated plants, 
respectively). 
When brushing was begun at different canopy heights, all three treatments resulted 
in significant reductions in plant height relative to untreated plants. The stem elongation 
rate of the stimulated plants was the same once brushing began (0.27 cm d-I), regardless 
of the treatment, and was less than half that of the untreated plants (0.59 cm dOl). 
Differences in height at the end of the experiment were, therefore, the result of the length 
of the treatment period, and not the stage of development at which the treatments began. 
3.1.3 Field performance 
At transplanting, the stem length of brushed plants was 20% less than untreated 
plants. However, a long-term reduction in the growth rate as measured by height was not 
observed (Figure 1) and there was no difference in final yields in either year (Figure 2). 
3.2 Bedding plant experiments 
3.2.1 Geranium 
Treatments did not begin until after the seedlings had reached the first true leaf stage, 
as they were not sufficiently rooted before this time. Brushing with flexible materials 
such as plastic netting did not cause noticeable stem or petiole flexure and did not have 
a significant effect on plant size (Figure 3). Therefore, plants were also brushed with 
cardboard, which did cause stem and petiole flexure. Those treatments which 
significantly reduced plant size also resulted in leaf damage or dislodged the plants from 
the compost. 
3.2.2 Impatiens 
Brushing with plastic netting resulted in significant reductions in stem length (Figure 
4). However, this reduction was accompanied by noticeable leaf damage and highly 
significant reductions in shoot dry weight and leaf area (data not shown). Impatiens 
transplants brushed with polythene were not damaged, but differences from untreated 
plants in stem length, leaf area and shoot dry weight were not significant. 
3.2.3 Petunia 
Brushing resulted in smaller, more prostrate transplants relative to those which were 
untreated, but these differences were difficult to measure due to the rosette growth habit 
of the plants. As petunia plant size was noticeably decreased by brushing with 20120 
gauge plastic netting, an experiment was conducted to determine the appropriate dosage 
level for brushing with this material. All three treatments (10, 20 or 40 strokes per day) 
caused significant reductions in leaf area and shoot dry weight, but there were no 
significant differences between the three treatments for either parameter (Table 2). 
3.2.4 Pansy 
As pansy petiole length could be significantly decreased by brushing with 20/20 
gauge netting without causing leaf damage, a dosage experiment was conducted. Petiole 
length was significantly reduced by all three treatments and a significant linear 
relationship was shown between petiole length and the number of brush strokes per day 
(Table 2). 
On average, the treated plants had a significantly lower leaf area than untreated plants 
but there was no significant relationship with the number of strokes. A portable 
chlorophyll meter (SPAD-502, Minolta), which estimates chlorophyll content by 
comparing light transmission at two wavelengths (Schaper & Chacko, 199 I), 
demonstrated that the leaves of treated plants were significantly greener than those of 
untreated plants, and that there was a significant linear relationship between the number 
of brush strokes per day and the optical density of the leaves. 
The treatments also resulted in a significant reduction in dry weight as compared to 
untreated plants. There was a slight linear trend (P < 0.1) between the number of brush 
strokes per day and shoot dry weight, with 40 strokes per day resulting in the largest 
reduction. Twenty strokes per day caused a decrease in root dry weight, but this 
difference was not significant and did not affect the root to shoot ratio. 
Plants which had been brushed 20 times per day, but which had not been sampled 
for dry weight, were potted up and brushing was discontinued. The onset of flowering 
was not delayed, and flowers did not appear to be damaged (data not shown). 
4. Discussion 
4.1 Tomato experiments 
4.1.1 Dosage 
Although previous research had shown that brushing can significantly decrease the 
rate of tomato stem elongation (Latimer & Baden, 1991; Johjima & Latimer, 1992), the 
amount of stimulation required to provide effective height control without damaging or 
over-hardening the plants was unknown. Our studies have shown that the amount of 
brushing necessary for effective control varies with the growing conditions. The height 
of plants grown during the commercial season (seeded in April) was well controlled 
(20% shorter) by 10 strokes per day, but faster-growing plants in the June seeding were 
only modestly controlled (12% shorter) by 40 strokes per day. Brushing during the 
commercial season also resulted in significant increases in stem diameter, only a 
moderate reduction in shoot dry weight and no visible plant damage. The amount of daily 
brushing needs to be limited so that only as much stimulation as is necessary for 
effective height control is applied to avoid large reductions in shoot dry weight and plant 
damage. 
4.1.2 Timing 
The time interval between brush strokes can be at least 10 minutes long and still 
provide the same amount of height control as continuous brushing. Brushing could 
therefore be easily automated, perhaps by modification of an irrigation boom. 
Brushing plants in either the morning or the afternoon resulted in significant 
reductions in stem elongation, though the response to brushing was not greatly affected 
by the time of day at which the treatments were applied. Brushing at either time was 
effective, but the morning is preferred because the plants are then least likely to be wet 
or wilting. 
The stage of growth at which treatment application can begin is easy to identify 
(canopy closure), and it is not critical that treatments begin on the day that this stage of 
development is reached. However, when brushing was not begun until the plant canopy 
was 10 cm high, many of the large tender leaves were ripped. Growers cannot wait until 
they have a problem with stretching to begin brushing. 
4.1.3 Field performance 
It was thought that the use of MS could negatively affect field performance. 
However, the treatments did not affect the speed at which the plants recovered from 
transplant shock or the rate at which they grew soon after transplanting. Furthermore, the 
treatments did not delay or damage reproductive growth. 
4.2 Bedding plant experiments 
4.2.1 Geranium and Impatiens 
It was not possible to significantly reduce geranium and impatiens transplant size 
without causing plant damage. Not all plant species are responsive to MS (Jaffe, 1973). 
At this point it is unknown whether geraniums and impatiens are insensitive to MS, or 
if a method of non-injurious stimulation has yet to be identified for these species. 
4.2.2 Petunia 
The effects of brushing on the leaf area and shoot dry weight of petunia transplants 
were substantial and significant. These differences may have been caused by a twisting 
and bending of the leaves, which was observed even at the lowest dosage level. Leaves 
appear "normal" 4 to 5 days after brushing is discontinued. However, this deformation 
is unlikely to be commercially acceptable, despite the relatively short recovery time. New 
methods of brushing for petunias should be investigated. 
4.2.3 Pansy 
It was possible to significantly reduce the petiole length of pansy plants without 
causing noticeable leaf damage or distortion. In the dosage experiment, all 3 treatments 
caused a reduction in petiole length which was large enough to be of practical 
importance to the grower (17 to 30%), although 40 brush strokes per day caused 
significant reductions in leaf area and shoot dry weight. Lower application rates 
demonstrated that pansy plant petiole length can be significantly reduced by brushing 
without a substantial decrease in leaf area or biomass accumulation, or increase in days 
to flower. The plants were not noticeably damaged by brushing, and the treatments may 
serve to increase marketability by intensifying the green coloration of the leaves. 
4.3 Summary 
The commercial adaptation of brushing for both tomato and pansy transplants appears 
promising. Tomato transplants proved highly sensitive to brushing, but changes in the 
dosage and timing of the stimulation often did not significantly affect the magnitude of 
the response. Brushing is an effective and flexible method of height control which results 
in sturdy, high quality tomato transplants without adversely affecting establishment or 
yield. This technique is currently being used by several tomato transplant growers in New 
York State. Though many problems were encountered when attempting to brush 
geranium, impatiens and petunia transplants, it was possible to significantly decrease 
pansy petiole length without reducing plant quality. Further experiments are in progress 
with pansy transplants to investigate the proper timing of brushing, and commercial trials 
are planned for the summer. 
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Table 1 - The effect of the number of brush strokes per day on the height, stem diameter 
and shoot dry weight of tomato transplants. 
Seeding Date Brush 
_________________________ ~tr9_~~~ 
Stem Length 
lfIrr} Stem Diameter 1Irr!TI2 Shoot Dry ~~~Qt_lq}10 . 
June 1994 none 13.8 2.24 86 
10 13.5 2.28 82 
20 13.0 2.39 78 
40 12.1 2.39 75 
F tests: overall NS ** * 
brushed vs. NS ** * 
untreated 
linear * * NS 
LSD 0.09 8 
Standard error 0.4 0.03 3 
July 1994 none 12.5 2.44 86 
10 10.6 2.39 72 
20 10.0 2.35 72 
40 10.2 2.36 70 
F tests: overall ** NS NS 
brushed vs. 
** 
NS * 
untreated 
linear NS NS NS 
LSD 1.4 
Standard error 0.4 0.04 5 
April 1995 none 14.2 2.34 89 
10 11.4 2.34 68 
20 11.3 2.51 77 
40 10.6 2.52 74 
F tests: overall *** ** * 
brushed vs. *** * * 
untreated 
linear NS ** NS 
LSD 1.3 0.12 13 
Standard error 0.4 0.04 4 
NS~-***~-**~-*-M:iln-effects-wltfiln-coliimn-notslgrilflcant-aTl)-;-O~65-or-slgnlfTcantat-
P < 0.001,0.01 or 0.05, respectively. There were no significant quadratic trends. 
Fisher's protected LSD (P =0.05) based on 12 error degrees of freedom in June and July, 
and on 20 error degrees of freedom in April. 
Table 2 - The effect of the number of brush strokes per day on the growth of petunia 
and pansy transplants. 
Petunia Pansy 
Brush strokes Leaf Shoot Petiole Leaf Shoot Root SPAD 
Area dry length Area dry dry reading 
(mm2) weight (mm) (mm2) weight weight t 
(mg) (mg) (mg) 
--------------------------,---------------------------------------------------------------­
none 796 24 16.7 1170 70 16 36 
10 679 21 13.9 992 63 38 
20 623 19 13.1 1001 63 12 39 
40 621 20 11.6 863 55 40 
F tests: 
overall * * NS ***** *** * 
brushed vs. 
untreated ** ** *** ** * *** 
linear NS NS * NS NS * 
LSD 97 3 1.7 171 9 
Standard 36 0.6 51 3 
error 
N~C**7"~-F"~-*-Maln-aTe-cts-wTffilncollimn-nOt-slinmciinTans-;-7TOs-or-sl"gnlfiCiiilfiir-
P< 0.001,0.01 or 0.05, respectively. There were no significant quadratic trends. 
Fisher's protected LSD (P = 0.05) based on 9 error degrees of freedom. 
t For explanation see text. 
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Figure 1 - The effect of brushing on tomato stem elongation after 
transplanting to the field. The bars represent the LSD based on 7 error 
degrees of freedom. 
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Figure 2 - The effect of brushing on the yield of tomato transplants. The bars represent 
the LSD based on 7 or 8 error degrees of freedom, respectively. 
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Figure 3 - The effect of brushing on geranium petiole length. Plants treated with 
cardboard were characterised by severe plant damage. The bar indicates Fisher's 
protected LSD based on 15 error degrees of freedom with 95% confidence level. 
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Figure 4 - The effect of brushing on impatiens stem length. Plants treated with netting 
were characterised by severe plant damage. The bar indicates Fis)1er's protected LSD 
based on 15 error degrees of freedom with 95% confidence level. 
